In immunosorbent electron microscopy (ISEM) tests, strong relationships were detected between five whitefly-transmitted geminiviruses: African cassava mosaic (ACMV), bean golden mosaic, euphorbia mosaic, squash leaf curl and tomato golden mosaic. Among five leafhopper-transmitted geminiviruses, beet curly top and tobacco yellow dwarf viruses were distantly related but no relationship was detected between either chloris striate mosaic, maize streak or wheat dwarf viruses and any of the other four. No relationship was detected between any whitefly-transmitted and any leafhopper-transmitted virus. A similar pattern of relationships was found by spot hybridization experiments in which extracts from infected leaves were tested with probes for ACMV DNA-1 or DNA-2. Imperfect nucleotide sequence homologies were found between ACMV DNA-1, which contains the particle protein gene, and the DNA of five other whitefly-transmitted viruses: bean golden mosaic, tomato golden mosaic, tobacco leaf curl, tomato leaf curl and tomato yellow leaf curl, the last three of which are not sap-transmissible. Thus, relationships were established between saptransmissible and sap non-transmissible geminiviruses. No homologies were detected with a full-length probe for ACMV DNA-2. Extracts from plants infected with three teafhopper-transmitted viruses (beet curly top, maize streak and wheat dwarf) did not react with probes for ACMV DNA-1 or DNA-2. Because each of the leafhoppertransmitted geminiviruses has a different vector species whereas the whiteflytransmitted geminiviruses all have the same vector, Bemisia tabaci, the genome homologies and antigenic relationships detected among members of the group could be explained if their coat proteins have a key role in transmission by vectors.
INTRODUCTION
The name geminivirus (Harrison et al., 1977; Matthews, 1979) was given to a group of plant viruses that have geminate particles measuring about 30 × 20 nm which contain circular molecules of single-stranded DNA, and that are transmitted by species of leafhoppers or whiteflies. In early work, no serological relationship was detected between three geminiviruses, maize streak virus (MSV), African cassava mosaic virus (ACMV = cassava latent virus; Bock & Woods, 1983) , and chloris striate mosaic virus (CSMV) : Francki et al., 1979 . However, Sequeira & Harrison (1982) detected a serological relationship between ACMV and bean golden mosaic virus (BGMV), and Cohen et al. (1983) found that ACMV is serologically related to squash leaf curl virus (SLCV). Similarly, tomato golden mosaic virus (TomGMV) was found to be serologically related to ACMV and BGMV (Stein et al., 1983) and, in addition, weak relationships were reported between beet curly top virus (BCTV) and both ACMV and TomGMV (Sequeira & Harrison, 1982; Stein etal., 1983) . Of these viruses, ACMV, BGMV, SLCV and TomGMV are transmitted by the whitefly Bemisia tabaci, whereas the others have leafhopper vectors. The only serological relationship reported among leafhoppertransmitted geminiviruses is that between BCTV and tobacco yellow dwarf virus (TYDV; Thomas & Bowyer, 1980) .
The genome of ACMV consists of two circular molecules of single-stranded DNA, which are similar in size and have been completely sequenced by Stanley & Gay (1983) . These two parts of the ACMV genome, which are both needed for infection (Stanley, 1983) , have a common sequence of about 200 nucleotides but are otherwise different. BGMV (Haber et al., 1981) and TomGMV (Hamilton et al., 1982 (Hamilton et al., , 1983 likewise each possess two single-stranded DNA molecules that differ in nucleotide sequence, but the actual sequences are not yet published. MSV and CSMV also have genomes of circular single-stranded DNA (Harrison et al., 1977; Francki et al., 1980) .
The work described in this paper was done to assess the relationships between a broad range of geminiviruses with the aid of two tests, immunosorbent electron microscopy (ISEM) to detect serological relationships and spot hybridization to detect nucleotide sequences that are homologous to those of ACMV DNA.
METHODS
Viruses. ACMV (type isolate 844 from Western Kenya) was cultured in manually inoculated Nicotiana benthamiana plants in a glasshouse at 20 to 25 °C, under licence from the Department of Agriculture and Fisheries for Scotland. Lonicera japonica 'aureo-reticulata' with yellow vein mosaic symptoms and presumed to contain tobacco leaf curl virus (TLCV) (Osaki et al., 1979) was obtained from a local horticulturist and maintained in a glasshouse at about 20 °C. The other viruses were kindly sent in leaf tissue by those named in Table 1 . Permission for importation was given by the Department of Agriculture and Fisheries for Scotland. The leaves containing BGMV or tomato yellow leaf curt virus (TomYLCV) were freeze-dried; leaves containing the other viruses were received fresh and samples were freeze-dried in some instances.
Antisera. The virus antisera used, the reciprocals of their titres in gel-diffusion precipitin tests and their suppliers were as follows: ACMV (512, authors); BGMV (160, R. M. Preparation of extracts for ISEM. Two 8 mm diam. leaf discs, or an equivalent amount of freeze-dried tissue, were ground to a smooth paste with Carborundum in a minimal amount of extraction fluid, using the micro-mortar method (Duncan & Roberts, 1982) , and more fluid then added to give a total extract volume of 200 Ixl. For MSV, the extraction fluid was 0-07 M-S6rensen's phosphate buffer, pH 6.0; for the other viruses it was 0.01 M-Tris, adjusted to pH 8.0 by adding 0.1 M-sodium EDTA. The resulting tissue suspensions were centrifuged at 8000 g for 15 min and the supernatant fluids used.
Procedure for ISEM. Tests were done essentially as described by Roberts & Harrison (1979) . Carbon-filmed electron microscope grids were floated (film side down) Ibr 30 to 60 rain at 37 °C on 10 ~tl drops of antiserum, previously diluted 1 : 1000 with 0.07 M-phosphate buffer, pH 6.5. Each grid was then washed by floating for 10 rain (with occasional agitation) on 200 ~1 phosphate buffer in a well of a microtitre plate, drained briefly and transferred to 10 ~tl drops of leaf extract on a waxed slide in a Petri dish containing moist filter paper. After 1 to 3 h at 4 °C, the trapped virus particles were stained. Control grids not coated with antiserum were treated similarly. Two methods of staining were used. (i) Grids were floated for 10 min on unbuffered 0.20,/0 osmium tetroxide, then washed with three to five drops of 2 % ammonium molybdate at pH 6.5, or (ii) grids were washed with three to five drops distilled water followed by three to five drops of uranyl formate/sodium hydroxide at pH 4.5 (I. M. Roberts in Barnett & Murant, 1970) , diluted 1:3 with distilled water. * Leaf extracts were prepared in 0.07 x-phosphate buffer, pH 6.0 and particles were trapped on grids coated with homologous antiserum.
t Not at 2~ (w/v); prepared as described in Methods.
Virus particles were identified in the electron microscope at magnifications exceeding x 20000 and were recorded as described by Roberts (1980) . Counts were taken from three well-separated holes on each of two grids. Only the particles of geminate appearance were counted although many quasi-isometric 'half-particles' were also observed in tests with MSV and WDV. Results are expressed as factors of increase in the number of particles, i.e. the number of particles trapped on antiserum-coated grids divided by the number on uncoated grids.
Spot hybridization. Leaf samples were ground with 10 mM-Tris-HC1, 1 mM-EDTA, pH 8.0, using 0.5 or 1 ml buffer/g fresh tissue or 10 ml buffer/g freeze-dried tissue, and the extracts were tested by spot hybridization as described by Robinson et al. (1984) . Hybridization probes were prepared from double-stranded replicative form DNA of phage MI 3 clones containing ACMV DNA inserts, kindly provided by Dr J. Stanley. The DNA-1 probe contained a fragment of ACMV DNA-1 from residue 1411, through residue 1, to residue 804, and the DNA-2 probe contained the whole of ACMV DNA-2.
RESULTS

Factors affecting ISEM
Although infection with some geminiviruses is confined or largely confined to phloem tissue, no great difference was found in the numbers of virus particles trapped from extracts of leaf lamina (excluding the main veins), petiole or leaf vein tissue taken from the same plants. Nevertheless, in the procedure adopted, leaf discs were always cut to include pieces of the main or lateral veins. In tests of the extraction method, most extracts made by grinding tissue without Carborundum powder were found to contain many fewer particles than those made with the aid of Carborundum. Moreover, the composition of the extraction medium was important. When samples were extracted in water, 0.07 M-phosphate buffer, pH 6-5 or 0.1 M-ammonium acetate, pH 7.0, only relatively few particles were trapped, and many of these were badly damaged and difficult to recognize. Except with MSV, extracts in the Tris-EDTA buffer yielded much greater numbers of geminate particles, which were relatively well preserved. MSV particles were poorly extracted and/or preserved in buffers at pH > 7.0, but 0.07 M-phosphate, pH 6.0, gave satisfactory results.
Effects of the negative stain on numbers of MSV particles obtained from freeze-dried tissue, and on their preservation, are given in Table 2 . Stains containing tungsten were unsatisfactory, and unless specimens were previously fixed by treating the grids with osmium tetroxide, molybdenum-containing stains enabled large numbers of particles to be recognized only at pH < 5-0. However, the uranyl stains preserved the particles well. Similar results were obtained with ACMV and euphorbia mosaic virus (EuMV; Fig. 1 ). Uranyl stains sometimes caused precipitates to form when they interacted with components of sap and hence the two staining procedures described under Methods were often both used. Fig. 1 . Effects of negative stains on preservation of EuMV particles trapped on grids coated with SLCV antiserum. Grids were stained with (a) ammonium molybdate, pH 7.0 after ~xation with osmium tetroxide, giving reasonably well-preserved particles, or (b) uranyl formate/sodium hydroxide, giving more numerous and better preserved particles, some of which have obviously angular outlines. Particles were not recognizable on grids stained with ammonium molybdate, pH 7.0 without fixation. Bar marker represents 100 nm.
Particle preservation also depended on the combination of virus and antiserum used. For example, ACMV particles were relatively well preserved on grids coated with homologous antiserum but less well preserved on grids coated with SLCV antiserum (Fig. 2) . However, BGMV particles were better preserved when trapped by SLCV antiserum than by homologous antiserum. The damage was observed even when staining was with uranyl salts.
Relationships assessed by ISEM
In most tests, many virus particles were trapped on grids coated with homologous antiserum, giving increases in particle numbers of more than 100-fold as compared with the numbers of particles on uncoated grids. Uncoated grids were used as the basis for comparison because, although the number of particles found on them is commonly about twice that on grids coated with normal serum, the counts are low and reproducible. Replication between grids was good in most tests (Table 3 ). In contrast, factors of increase in particle numbers varied considerably between replicate experiments despite attempts to standardize the conditions (Table 4) .
A summary of the results of the tests (Table 4) indicates that strong serological relationships exist between ACMV, BGMV, EuMV, SLCV and TomGMV. Among these viruses, the increase factors given by an antiserum with its homologous virus did not necessarily exceed those obtained with heterologous viruses. In contrast, CSMV, MSV and W D V seem unrelated to any of the other viruses. BCTV was distantly related to TYDV but probably not to any other virus. Although a small increase in numbers of BCTV particles was obtained in one test with SLCV antiserum, this was not confirmed in a second test. ACMV ACMV Virus* DNA-1 DNA-2 ACMV-type isolate + + + + + + ACMV-Nigeria** + + + + + + ACMV-Angola~.
* Abbreviations are as in Table 1 and Methods; strains of ACMV are those described by Robinson et al. (1984) . ]" Reaction was rated strong ( + + + ), intermediate ( + + ), weak ( + ) or undetected ( -). A weak rating represents a reaction detected only with the less stringent washing conditions (see text).
:~ Results obtained by Robinson et al. (1984) .
Only one virus, T L C V , was not trapped efficiently by its homologous antiserum, perhaps because the test conditions did not preserve or stain the particles satisfactorily. This antiserum also failed to trap A C M V , B G M V or E u M V particles but in two tests gave 29-fold and 47-fold increases in numbers of T o m G M V particles. Further work is needed to establish the extent of serological relationships between these viruses and T L C V . Robinson et al. (1984) reported that the A C M V D N A -1 and D N A -2 probes reacted strongly in spot hybridization tests with extracts of tissue infected with A C M V isolates from Western K e n y a (type isolate), Angola or Nigeria. Fig. 3 shows the different pattern of reactions obtained with extracts of tomato leaf curl virus (TomLCV)-infected tomato leaf. N o reaction with the D N A -2 probe was observed, and the reaction of the D N A -1 probe, although obviously positive, was much less strong than that with extracts of A C M V -i n f e c t e d tissue. All the other whiteflytransmitted geminiviruses tested gave a pattern of reactions similar to that obtained with T o m L C V (Table 5) . The degree to which the relative strengths of reaction reflect different concentrations of virus D N A in the tissues or partial homology of the D N A sequences is not known. However, these reactions, unlike those observed with extracts of tissues infected with ACMV strain C (Robinson et al., 1984) , were detected only on blots washed in 2 × SSC + 0.1 SDS and not on more stringently washed (additional washes with SSC + 0.1 ~ SDS and 0.2 x SSC + 0.1 ~ SDS) blots, suggesting that the homologies between ACMV DNA-1 and the DNA of these other geminiviruses are imperfect.
DNA sequence homologies
No reaction was observed between either of the ACMV DNA probes and extracts of tissue infected with any of the leafhopper-transmitted geminiviruses (Table 5) . DISCUSSION Although ISEM gave satisfactory results with nearly all the viruses tested, closely defined conditions were needed for each virus. The extraction buffer, the use of a fixative and the negative stain all had considerable effects on the outcome of the tests. However, even when the conditions were standardized there was appreciable variation in the factors of increase in virus particle numbers obtained in replicate tests. Moreover, some antisera, such as that to SLCV, proved to be especially reactive in ISEM. Attention should therefore only be paid to large differences in the increase factors. Despite the variations between replicate experiments, strong relationships clearly exist among five whitefly-transmitted viruses: ACMV, BGMV, EuMV, SLCV and TomGMV. The interrelationships of BGMV, EuMV and SLCV, all of which occur in North America, are possibly a little closer than the relationships between these and the other two viruses. The relationship between ACMV and EuMV has also been detected by geldiffusion precipitin tests (R. W. Fulton, personal communication). The apparent relationships previously reported of BCTV with ACMV (Sequeira & Harrison, 1982) and TomGMV (Stein et al., 1983) were not confirmed and were possibly caused by anti-host antibodies in the serum. No relationship was detected in the test reported here between BCTV and any of the whiteflytransmitted viruses. Indeed, no relationship was detected between any leafhopper-transmitted virus and any whitefly-transmitted virus.
The pattern of relationships detected by the spot hybridization tests is very similar to that found by ISEM. Relationships were detected between ACMV and several whitefly-transmitted viruses including some, namely TLCV, TomLCV and TomYLCV, that have not been transmitted by inoculation with sap despite numerous attempts (Osaki & Inouye, 1981) . This is possibly the first example of a relationship between sap-transmissible and sap non-transmissible viruses. Indeed, these viruses did not seem more distantly related to ACMV than was the saptransmissible TomGMV. Further work is needed to clarify the relationships between geminiviruses occurring in tomato in the Old and New Worlds.
In all instances the nucleotide sequence homologies detected between ACMV and the whitefly-transmitted geminiviruses from other hosts were confined to DNA-1, which contains the particle protein gene (Stanley & Gay, 1983) . The ISEM results could therefore be a consequence of homologies within this gene. Further work is needed to map on ACMV DNA-1 the sequences homologous to the DNA of the other viruses. Failure to detect homologies with the ACMV DNA-2 probe suggests that the sequence common to the DNA-1 and DNA-2 of ACMV (Stanley & Gay, 1983) is not shared with the other viruses, although this 200-nucleotide piece may be too small to be detected by the method used.
It seems remarkable that serological and genome sequence relationships should exist among viruses with such diverse host ranges and countries of origin, including both sap-transmissible and sap non-transmissible viruses. However, these viruses share a specific whitefly vector, B. tabaci. In several other plant virus groups there is increasing evidence that particle proteins play a key role in transmission by vectors (Harrison & Murant, 1984) . The same may also be true for geminiviruses, so providing an explanation for the similarity in coat proteins of the members of the group that are transmitted by B. tabaci.
Our results suggest that among geminiviruses there is a cluster of related viruses with whitefly vectors which are not closely related to the viruses with leafhopper vectors. At least three of the whitefly-transmitted viruses have genomes consisting of two DNA species (Haber et al., 1981 ; Hamilton et al., 1983; Stanley, 1983) but no such indication has been obtained for any leafhopper-transmitted geminivirus. Indeed, the recognition of similarities between the amino acids coded by comparable regions of DNA-1 and DNA-2 of ACMV (Kikuno et al., 1984) suggests that this bipartite genome may have originated from a single genome species. Should the genome of leafhopper-transmitted geminiviruses not follow essentially the same pattern there would be added grounds for separating the geminiviruses into two subgroups.
